Plasmodium falciparum lines differ in their ability to infect mosquitoes. The Anopheles gambiae L3-5 refractory (R) line melanizes most Plasmodium species, including the Brazilian P. falciparum 7G8 line, but it is highly susceptible to some African P. falciparum strains such as 3D7, NF54, and GB4. We investigated whether these lines differ in their ability to evade the mosquito immune system. Silencing key components of the mosquito complement-like system [thioester-containing protein 1 (TEP1), leucine-rich repeat protein 1, and Anopheles Plasmodium-responsive leucine-rich repeat protein 1] prevented melanization of 7G8 parasites, reverting the refractory phenotype. In contrast, it had no effect on the intensity of infection with NF54, suggesting that this line is able to evade TEP1-mediated lysis. When R females were coinfected with a line that is melanized (7G8) and a line that survives (3D7), the coinfection resulted in mixed infections with both live and encapsulated parasites on individual midguts. This finding shows that survival of individual parasites is parasite-specific and not systemic in nature, because parasites can evade TEP1-mediated lysis even when other parasites are melanized in the same midgut. When females from an extensive genetic cross between R and susceptible A. gambiae (G3) mosquitoes were infected with P. berghei, encapsulation was strongly correlated with the TEP1-R1 allele. However, P. falciparum 7G8 parasites were no longer encapsulated by females from this cross, indicating that the TEP1-R1 allele is not sufficient to melanize this line. Evasion of the A. gambiae immune system by P. falciparum may be the result of parasite adaptation to sympatric mosquito vectors and may be an important factor driving malaria transmission.
H uman malaria is a disease caused by Plasmodium parasites that threatens one-half of the world's population. In 2009, malaria infection affected 225 million people and resulted in 781,000 deaths, mostly of young African children (1) . Plasmodium is transmitted by anopheline mosquitoes and undergoes a complex sexual developmental cycle in the insect host (2) . Mosquitoes become infected when they ingest vertebrate blood containing gametocytes, and fertilization and zygote formation take place in the lumen of the mosquito midgut. Zygotes mature into motile ookinetes that must traverse the midgut and avoid destruction by the mosquito immune system to complete their development. Plasmodium parasites suffer great loses during these initial stages in the mosquito, and only a few ookinetes succeed. This natural bottleneck in the number of parasites in the vector is an attractive target to block malaria transmission (3) .
Anopheles gambiae is the main vector of the human malaria parasite P. falciparum in large regions of Africa. This mosquito species exhibits a wide range of susceptibility to infection with a given P. falciparum line (4, 5) , and different Plasmodium isolates also vary in their ability to infect a given mosquito strain (4, 6, 7) . This suggests that genetic differences in both the mosquito and the parasite affect the efficiency of mosquito infection and disease transmission.
A stable line of A. gambiae highly refractory to P. cynomolgi infection was obtained by genetic selection of refractory females over a few generations (5) . In this refractory strain, ookinetes form and invade the midgut, but they are killed as they come in contact with the mosquito hemolymph and covered with melanine, an insoluble dark pigment (5, 8) . This refractory line was also able to eliminate and melanize many different Plasmodium species, including P. vivax, several primate malaria parasites (P. gonderi, P. inui, and P. knowlesi), P. berghei, and P. gallinaceum (5) . Interestingly, dramatic differences were observed in the ability of several P. falciparum strains to survive in these refractory mosquitoes, and survival seemed to correlate with their geographical origin. For example, the New World (SL and 7G8) and Asian (Indo3) strains were effectively encapsulated with melanine, whereas some of the African strains (LE5 and NF54) survived well, although encapsulation was occasionally observed (5). This refractory line was lost, but a second line was selected using the same strategy. This A. gambiae (L3-5) refractory strain has been widely used as an experimental model; for example, it was used to map mosquito loci involved in P. cynomolgi B encapsulation (9) . The L3-5 refractory (R) strain was used in most of the experiments reported in this manuscript, and for convenience, it will be referred to as the R strain.
The thioester-containing protein 1 (TEP1), a complement 3-like protein, is a final effector of the mosquito immune system that mediates a powerful antiplasmodial response against P. berghei parasites; TEP1 is active even in mosquito strains such as A. gambiae G3 that are highly susceptible to infection (10) . TEP1 circulates in the hemolymph as a complex with two other proteins, the leucine-rich repeat protein 1 (LRIM1) and the Anopheles Plasmodium-responsive leucine-rich repeat protein 1 (APL1). These two leucine-rich proteins are required to stabilize TEP1, because silencing either LRIM1 or APL1 triggers premature TEP1 activation, resulting in mosquitoes devoid of a functional complement-like system (10) (11) (12) . TEP1 also mediates killing and encapsulation of P. berghei in the A. gambiae R strain (13) .
TEP1 has been reported to mediate P. falciparum lysis in the A. gambiae Keele laboratory strain (14, 15) , and APL1 (isoform C) silencing prevents P. falciparum lysis in the A. gambiae Ngousso laboratory strain (16) . In contrast, LRIM1 silencing in the A. gambiae Younde strain from Cameroon had no effect on sympatric P. falciparum isolates (17) . More recent studies have shown that the TEP1-r B allele found in natural populations of A. gambiae mosquitoes is associated with higher P. falciparum (ND37 strain, a line derived from NF54) infection than the TEP1-S allele (18) . In general, the TEP1 system seems to be more effective in eliminating P. berghei than P. falciparum. The difference in the efficiency of TEP1-mediated immunity against P. falciparum isolates suggests that some P. falciparum lines may be able to evade the mosquito immune system; however, comparisons between studies are inconclusive because different combinations of A. gambiae and P. falciparum strains have been used. In this study, we analyze whether the survival of different P. falciparum lines in the A. gambiae R strain is caused by differential activation of the mosquito TEP1 system and whether these effects on the mosquito immune response are local or systemic. We provide experimental evidence that parasite genetic factors can modulate the ability of a mosquito to activate TEP1-mediated lysis, allowing some parasite strains to survive even in a highly refractory mosquito strain.
Results
Infectivity of Different P. falciparum Lines to the R Strain. We investigated whether two P. falciparum lines that were known to differ in their survival in the first refractory mosquito strain reported in 1986 [the Brazilian 7G8 that was highly melanized and the NF54 strain that survived very well (5)] had similar phenotypes in the A. gambiae R strain that was reselected in 1997 (9) . We confirmed that the NF54 (African origin) and 7G8 (Brazilian) strains differ greatly in their infectivity to the R strain ( Fig. 1) , with a proportion of melanized parasites of 7% and 97%
) and a prevalence of mosquito infection of 100% and 5%, respectively ( 2 ). Two other strains of African origin, the 3D7 (a parasite line cloned from NF54) and GB4 (Ghana) strains, also survived very well in R females (Fig. 1) . No melanized parasites were observed with either strain ( Fig. 1 A-C) , and the prevalence of mosquito infection was 89% and 78% for the 3D7 and GB4 lines, respectively (Fig. 1D ). These findings indicate that P. falciparum strains differ in their ability to survive in the A. gambiae R strain.
Mosquito TEP1 Activation and P. falciparum Survival. The potential involvement of the mosquito complement-like system in the antiparasitic response to P. falciparum 7G8 parasites was investigated by silencing TEP1 expression in R females. Systemic injection of dsTEP1 reduced endogenous TEP1 mRNA levels by 84% (Fig. S1 ), reduced the proportion of melanized parasites from 96% to 3% (Fig. 2 A-C) (P < 0.001, χ 2 ), increased the median number of live oocysts from zero to four ( The participation of TEP1-mediated lysis in the antiplasmodial response to 7G8 parasites was confirmed by silencing LRIM1 and APL1, two genes required to stabilize the TEP1 complex. Silencing LRIM1 or APL1 alone also had a dramatic effect, because all parasites were melanized in the dsLacZ control group; however, melanization was no longer observed when either one of these two genes were silenced ( Fig. S2 A-C) (P < 0.001). The prevalence of mosquito infection increased from 0% in the dsLacZ group to 53% and 68% in the LRIM1-and APL1-silenced groups, respectively ( Although the NF54 line infects the R strain efficiently with minimal encapsulation (Fig. 1) , it was possible that TEP1 eliminated a substantial number of NF54 parasites through a lytic mechanism. To explore this possibility, the effect of disrupting the mosquito complement-like system on NF54 infection was established. Silencing TEP1 or LRIM1 had no effect on the intensity of infection with NF54 (Fig. 3) . However, it rescued the small percentage (3-4%) of parasites that were encapsulated in the dsLacZ-injected controls (Fig. 3C) . Taken together, these findings indicate that, in the R strain, TEP1 is activated in response to infection with 7G8 parasites and mediates a very effective antiparasitic response. In contrast, in the same mosquito strain, TEP1 is not limiting infection with NF54 parasites, indicating that this African strain can infect the mosquito and evade the complement-like system.
General Mechanism of P. falciparum Evasion of the Mosquito Complement-Like System. We explored whether P. falciparum strains could have systemic effects on mosquito immune response by either infecting R mosquitoes with one of two parasite lines (3D7 and 7G8) that differ greatly in survival, or coinfecting them with both strains. As expected, no melanizations were observed in mosquitoes infected with 3D7 parasites, and the prevalence of infection was high (91%) (Fig. 4) . In contrast, 98% of 7G8 parasites were melanized, and the prevalence of infection was much lower (19%; P < 0.001, χ 2 ) (Fig. 4) . Coinfection with 3D7 and 7G8 parasites resulted in mixed phenotype in which each mosquito midgut contained both live and encapsulated parasites (Fig. 4 ), an intermediate level of melanized parasites (42%), and a high prevalence of infection (90%). There was a strong correlation (r 2 = 0.757, P < 0.0001) between the number of live and encapsulated parasites for a given midgut (Fig. 4B) , and therefore, midguts with a large number of live parasites also had the largest number of melanized parasites. The intensity and prevalence of infection was not significantly different in the coinfected mosquitoes (3D7 + 7G8) compared with the mosquitoes infected with 3D7 alone (Fig. 4 B and D) . In several instances, live oocysts were localized physically close to encapsulated parasites in the midgut (Fig. 4A) .
A. gambiae TEP1 Alleles and P. falciparum 7G8 Melanization. Previous studies have shown that the A. gambiae G3 strain is fixed for a TEP1 allele (S3) that is associated with susceptibility to infection with P. berghei, whereas the R strain (L3-5) is fixed for a refractory allele (R1) associated with melanization (13) . Furthermore, allele-specific silencing of the F1 heterozygous progeny of a genetic cross between these two lines showed that the R1 allele is dominant for the melanization phenotype (13) . We confirmed that our G3 and R colonies are also fixed for the S3 and R1 TEP1 alleles, respectively (Table 1) . We identified an R strain A. gambiae colony that had been contaminated with G3 females, and this colony was allowed to breed for over 30 generations without any selection to maximize genetic recombination. Genotyping of 250 individuals confirmed that the three possible combinations of TEP1 alleles (S3/S3, S3/R1, and R1/R1) were present in 43%, 41%, and 16% of mosquitoes, respectively (Table 1) and that the frequency of these three TEP1 genotypes was in Hardy-Weinberg equilibrium (P = 0.7, χ 2 ). This cross-colony was used to investigate whether the two different TEP1 alleles (S3 and R1) were major determinants of the ability of A. gambiae to melanize P. berghei and P. falciparum 7G8 parasites. As expected, we observed three different phenotypes when mosquitoes were infected with P. berghei ranging from complete susceptibility to complete melanization, and many mosquitoes with both live and melanized parasites were also observed (Fig. 5A) . However, when the same cross-colony was infected with P. falciparum 7G8 parasites, which are almost completely melanized by the R strain (Fig. 1B) , they were highly susceptible to infection, and only two mosquitoes had very few melanized parasites (Fig. 5B) . The mosquitoes infected with P. berghei were genotyped, and a strong association was observed between the TEP1 allele and susceptibility to infection (Fig. 5 C  and D) , which is in agreement with previous reports (13) . The proportion of melanized parasites in R1/R1, S3/R1, and S3/S3 females was 98%, 77%, and 10% (P < 0.001, χ 2 ), respectively, and the prevalence of infection was 18%, 57%, and 95% (P < 0.001, χ 2 ), respectively. Discussion P. falciparum strains differ in their ability to survive in the A. gambiae R (L3-5) strain. As had been previously described for the first refractory strain (5), African strains of P. falciparum that are sympatric with A. gambiae survive well, whereas strains from different geographical origin, such as the 7G8 strain from Brazil, are almost completely melanized. Furthermore, gene knockdown by dsRNA injections showed that melanization of the 7G8 parasites is mediated by the mosquito immune system and involves the TEP1 complex (TEP1, LRIM1, and APL1). In contrast, NF54 parasites survive very well in the R strain, and disruption of the TEP1 complex does not affect the intensity of infection, suggesting that this African strain is able to evade the antiparasitic response mediated by TEP1. These results indicate that the TEP1 pathway is able to recognize and eliminate some strains of P. falciparum but not others. The phenotypic difference when the G3/R cross-colony was infected with P. berghei or 7G8 P. falciparum parasites indicates that, although both strains have a very similar phenotype mediated by the TEP1 complex, the contribution of TEP1 alleles to refractoriness is different between these two parasites. We confirmed that the TEP1-R1 allele has a dominant effect on P. berghei melanization, which was previously described (13); however, it was not sufficient for 7G8 P. falciparum parasites to be melanized. The almost complete lack of melanization of 7G8 parasites in the colony cross suggests that multiple mosquito genes are involved. The possibility that some of the genes that mediated refractoriness to 7G8 were deleterious to the mosquito and lost in the colony after several generations cannot be ruled out. Genetic crosses between the R strains and the highly susceptible 4Arr A. gambiae strain also revealed differences in the quantitative trait loci mediating melanization of P. cynomolgi B (9) and P. cynomolgi Ceylon parasites (19) .
The TEP1-R1 allele present in R mosquitoes has been shown to be a major determinant of P. berghei melanotic encapsulation (13) , and it is closely related to the r B allele that is fixed in some M-form A. gambiae populations from Mali and Burkina Faso (18) . The TEP1-R1 allele seems to be the result of recombination of the r A and r B TEP1 alleles that are present at high frequency in some African populations of A. gambiae (18) . The r B allele is also dominant for P. berghei melanotic encapsulation, but heterozygous S/r B females do not melanize P. falciparum (ND37 strain) parasites (18) . This difference in the ability to melanize P. berghei and P. falciparum is similar to what we observed in the L3-5/G3 colony cross, indicating that the R1 or r B TEP1 alleles are enough to melanize P. berghei but not P. falciparum. TEP1-S/r B TEP1 heterozygotes had significantly fewer live oocysts than S/S females when infected with P. falciparum (ND37 strain), suggesting that the r B TEP1 allele may mediate parasite lysis (18) . However, we found that silencing TEP1 in the R strain had no effect on the intensity of infection with NF54 parasites, indicating that the TEP1-R1 allele is not mediating lysis of this P. falciparum strain. It is, therefore, possible that some African strains of P. falciparum may have adapted to evade the antiplasmodial responses mediated by A. gambiae TEP1 alleles that can be very effective against other parasite strains or species. As Brazilian 7G8 parasites adapted to mosquito vectors from the New World, they may have lost some of the genetic traits that allow some African strains to survive even in A. gambiae mosquitoes that are highly refractory to most other Plasmodium parasites.
The fact that coinfection of R females with P. falciparum 3D7 and 7G8 parasites resulted in mixed infection, in which all infected midguts had both live and encapsulated parasites, indicates that neither parasite line nor their hybrid progeny is causing a systemic effect in the mosquito immune system. This finding rules out the possibility of systemic activation of TEP1 by 7G8 parasites or a systemic suppression by the 3D7 line. The two parental gametocyte cultures were added in similar amounts, and this finding was confirmed by the similar infection levels between mosquitoes infected with each of these two strains (Fig. 4) . In the coinfected group, a similar proportion of live and melanized parasites was obtained in individual mosquitoes, independent of the differences in intensity of infection between mosquitoes. In other words, both parasite strains were effective in invading the midgut of some mosquitoes, whereas both parasites did poorly in others; this finding suggests that how many parasites form and invade a given midgut is determined by factors from the mosquito host, but whether a parasite will survive or be melanized when and if it encounters the mosquito complement-like system is determined by the genotype of the parasite. These results indicate that the surviving phenotype does not dominate over encapsulation or vice versa. In other words, activation of TEP1 by some parasites does not seem to affect the fate of other parasites present in the same mosquito.
The mechanism by which several African strains of P. falciparum, such as NF54, avoid lysis by the TEP1 pathway in A. gambiae R females is unknown, but it may involve avoiding detection by the mosquito immune system, a change on the parasite's surface that renders ookinetes resistant to TEP1 lysis and/ or local deactivation of TEP1. We have recently shown that the nitration responses triggered when a P. berghei ookinete traverses a mosquito midgut cell can modify the parasite, making it visible to the complement-like system (20) . The coinfection experiments indicate that the antiplasmodial response mediated by TEP1 is localized and suggest that the fate of each parasite in a given mosquito is genetically determined by the parasite. Parasite survival may depend on the ability of each ookinete to traverse the midgut without being tagged for destruction. The ability of a parasite to evade the mosquito immune system would allow it to be transmitted more effectively to the human host. The genetic differences between P. falciparum strains open the possibility of mapping the parasites loci that allow some P. falciparum strains to evade the mosquito immune system using a classical genetic approach.
Materials and Methods
A. gambiae and Plasmodium Parasites. The A. gambiae L3-5 refractory strain and a genetic cross between L3-5 and G3 were used (9) . Mosquitoes were reared at 27°C and 80% humidity on a 12-h light to dark cycle under standard laboratory conditions. The four P. falciparum strains used (NF54, 3D7, GB4 and 7G8) were maintained in O+ human erythrocytes using RPMI medium 1640 supplemented with 25 mM Hepes, 50 mg/L hypoxanthine, 25 mM NaHCO3, and 10% (vol/vol) heat-inactivated type O+ human serum at 37°C and a gas mixture of 5% O 2 , 5% CO 2 , and balance N 2 (21, 22) .
Experimental Infection of Mosquitoes with P. falciparum. A. gambiae females were infected artificially by membrane feeding with P. falciparum gametocyte cultures. Gametocytogenesis was induced as previously described (23) . Mature gametocyte cultures (stages IV and V) that were 14-16 d were used to feed mosquitoes using membrane feeders at 37°C for 30 min. Midguts were dissected 8 d after feeding, and oocysts were stained with 0.05% (wt/vol) mercurochrome in water and counted by light microscopy. The distribution of parasite numbers in individual mosquitoes between control and experimental groups was compared using the nonparametric Mann-Whitney test. All parasite phenotypes were confirmed in two to three independent experiments.
dsRNA-Mediated Gene Knockdown. Individual female A. gambiae mosquitoes were injected 1-2 d postemergence as previously described (24) . Briefly, mosquitoes were injected with 69 nL 3 μg/μL dsRNA solution 3-4 d before receiving a Plasmodium-infected blood meal. dsRNA was produced using the MEGAscript RNAi Kit (Ambion) using DNA templates obtained by PCR using A. gambiae cDNA and the primers previously described (25) with T7 polymerase promoter sites added in the 5′ end. Gene silencing was assessed in whole-sugar feed mosquitoes by quantitative real-time PCR using primers previously described (25) except for TEP1, which was quantitated using primers TEP1-qF (5′-GTTTCTCACCGCGTTCGT-3′) and TEP1-qR (5′-AACCA-ATCCAATGCCTTCTC-3′). All gene silencing phenotypes were confirmed in two to three independent experiments.
Genotyping of TEP1 Alleles. DNA was extracted from legs of individual mosquitoes as previously described (26) . Identification of TEP1 allele S3 or R1 in individual mosquitoes was done by PCR with allele-specific reverse primers (TEP1-For: 5′-AAAGCTACGAATTTGTTGCGTCA-3′, TEP1-R1-Rev: 5′-CCTCTGC-GTGCTTTGCTT-3′, and TEP1-sR5-Rev: 5′-GTTGATTCACCAACCAATTCAT-3′) as previously described (10) .
